Abstract. Raman spectroscopy and imaging are known to be valuable tools for the analysis of bone, the determination of protein secondary structure, and the study of the composition of crystalline materials. We have utilized all of these attributes to examine how mechanical loading and the resulting deformation affects bone ultrastructure, addressing the hypothesis that bone spectra are altered, in both the organic and inorganic regions, in response to mechanical loading/deformation. Using a cylindrical indenter, we have permanently deformed bovine cortical bone specimens and investigated the ultrastructure in and around the deformed areas using hyperspectral Raman imaging coupled with multivariate analysis techniques. Indent morphology was further examined using scanning electron microscopy. Raman images taken at the edge of the indents show increases in the low-frequency component of the amide III band and high-frequency component of the amide I band. These changes are indicative of the rupture of collagen crosslinks due to shear forces exerted by the indenter passing through the bone. However, within the indent itself no evidence was seen of crosslink rupture, indicating that only compression of the organic matrix takes place in this region. We also present evidence of what is possibly a pressure-induced structural transformation occurring in the bone mineral within the indents, as indicated by the appearance of additional mineral factors in Raman image data from indented areas. These results give new insight into the mechanisms and causes of bone failure at the ultrastructural level.
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Key words: Raman -Bone -Biomechanics -Spectroscopic imaging -Fracture Like most tissues, bone is hierarchical in structure [1] . Any study of bone properties must investigate the tissue at several levels of organization in order to gain a complete understanding of the influence of structure and composition on these properties. This is especially true when studying mechanical properties. Many studies have looked at the effect of applied load on bone, but on a macroscopic level [1] . A few have looked at a lower, microstructural level; for example, studies of microcracking [2] [3] [4] , tensile properties of single osteons [5] , and nanoindentation studies of individual lamellae [6, 7] . However, studies at an ultrastructural or chemical level have been impossible using the most common techniques. As a result of these limitations, it is not known definitively how individual collagen fibrils or mineral crystallites react to mechanical load in either the elastic or plastic deformation regimes. There are many hypotheses-rupture of crosslinks in the collagen fibrils, mineral phase transformations or rearrangements, separation of fibrils, and/or relative motion (''gliding'') of fibrils [8, 9] . However, new technical approaches are needed to address these hypotheses and to study the ultrastructural mechanisms guiding the response of bone to mechanical loading.
In recent years, vibrational spectroscopy has enjoyed increasing success as a technique for studying bone properties [10] . Infrared and Raman spectroscopies have been used to study normal and osteoporotic tissue, as well as to investigate compositional changes associated with various bone diseases [10] [11] [12] [13] . Raman spectroscopy has proven particularly useful because of its ability to be used on intact specimens as well as its lack of strong interferences from water. Raman spectra can be collected with micron-scale spatial resolution and give simultaneous information about the mineral and organic matrix components of bone. Raman spectra can also be collected over a two-dimensional area to give spatially relevant image information. With the use of multivariate statistics, small local variations in bone composition can be resolved [14] [15] [16] . Information from the mineral component and the organic matrix is obtained simultaneously, creating a complete picture of bone composition in the area surveyed. The phosphate m 1 band at approximately 960 cm )1 and the bands associated with collagen (amide III at 1250 cm )1 , CH 2 wag at 1450 cm )1 , and amide I at 1665 cm )1 ) are of particular interest for bone compositional studies [10] .
Raman spectroscopy is a well-established technique for looking at changes brought on by mechanical loading in such materials as polymers [17, 18] and protein films [19] , as well as changes in protein structure in solution [20] . Generally, structural changes induced by an applied load cause shifts in bands in the Raman spectrum [17] [18] [19] . The amide I band, at about 1665 cm )1 , and the amide III band, at about 1250 cm )1 , are known to be especially good indicators of protein conformation because of the amide moiety's role in crosslinking and bonding [21] . Spectra of crystalline materials such as silicon or calcium hydroxyapatite also show shifts in spectral bands with applied load, presumably as a result of pressure-induced rearrangement of the crystalline lattice [22] [23] [24] [25] .
Recent experiments in this lab using Raman spectroscopy have started to provide insight into damage mechanisms at the ultrastructural level. Increases in the number of mineral factors (phosphate m 1 spectral components) have been observed at the leading edge of fatigue-induced microcracks in cortical bone [14] . It was not clear from these studies whether the spectroscopic changes were a cause or an effect of the damage. Subsequent studies, which analyzed spectral changes in realtime during compressive and tensile loading of bone, provided support for the hypothesis that spectral shifts result from mechanical damage, and demonstrated that changes in the organic matrix also result from mechanical loading [26] . In the present study, we address the hypothesis that bone spectra are altered, in both the organic and inorganic regions, in response to mechanical loading/deformation.
We report here the results of experiments on bovine tissue that was mechanically loaded and locally deformed via cylindrical indentation. Our results show that most of the damage to the organic matrix occurs at the edges of indents rather than in the center. This damage is in the form of ruptured cross-links, as indicated by spectroscopic shifts in amide I and amide III bands. Additionally, there is evidence that mineral structural transitions are occurring within the indented areas, as evidenced by the increased numbers of mineral factors obtained from the analysis of Raman image data from these regions relative to control areas. These results support the hypothesis that additional mineral factors observed in areas of damage are an effect rather than a cause of the damage.
Materials and Methods

Specimens
Bovine bone from skeletally mature animals was obtained from a local abattoir. A section from the lateral anterior portion of the central annulus of a femur was milled into a flat rectangular beam approximately 3 cm · 1 cm · 15 cm and stored frozen at )64°C. For these experiments, the beam was cut into 4 pieces, 1 of which was reserved for a separate experiment and was not used further in these studies. The remaining specimens were polished on one side using a graded series of grits, followed by a 0.3 lm alumina slurry. The specimens were sonicated briefly to remove any particles and were then placed in a calcium-buffered antibacterial saline solution. Storage in such solutions at concentrations previously determined to maintain equilibrium has been found to maintain bone mechanical properties by minimizing the diffusion of calcium from the tissue [27] . The specimens were stored at 4°C until needed.
Indentations
Cylindrical indentations were made with a custom-built cylindrical indenter tip attached to an Instron servo-hydraulic mechanical testing machine (model 8521). Using a cylindrical indenter is useful for spectroscopic imaging purposes because the floor of the indent is flat, allowing spectroscopic investigation within the indent as well as at its edges. Indentations resulting from two different loads were made upon each specimen. The shallower (low load) indents (approximate depth 10 lm) were made with loads ranging from 70 to 110 N, and the loads for the deeper (high load) indents (approximate depth 100-150 lm) were in the range of 230-240 N.
Raman Imaging
Our Raman imaging system ( Fig. 1 ) has been previously described [14, 16, 28, 29] . Briefly, it consists of a 785 nm external cavity diode laser (Kaiser Optical Systems, Inc.) with a highaspect-ratio rectangular beam profile. The beam size is reduced using a telescope and the beam is coupled into a modified epifluorescence microscope (Olympus, Inc.). A 10x/0.5 NA objective (Zeiss) focuses the line-shaped laser beam (length 200 lm) onto the specimen. A complete Raman spectrum is collected simultaneously from every point along the line by the objective, focused by a collection lens, and directed into an axial-transmissive spectrograph (Kaiser Optical Systems, Inc.) which disperses the Raman scatter. The signal is then detected by a thermo-electrically cooled CCD camera (Andor Technologies, Inc.) and stored on a personal computer. A twodimensional image is built up by moving the specimen in approximately 1 lm steps under the laser beam using a translation stage (New England Affiliated Technologies, Inc.) and acquiring a new line of spectra at each new stage position. An image data set thus consists of a matrix with every point containing a complete Raman spectrum.
For these studies, Raman images were taken in three locations for each indent: within the indent on the indent floor, at the very edge of the indent on the bone surface, and at least 500 lm outside the indent area. A total of 18 images (3 images/ indent · 2 indents/specimen · 3 specimens) were obtained. Each image contained 25 lines of spectra; the approximate size of each area imaged was 200 · 35 lm. The total laser power at the specimen was approximately 230 mW, spread into a rectangle approximately 200 lm long and 6 lm wide. It should be noted that because of the shape of the laser beam, power density is relatively low, and heat dissipation is highly efficient [30] . Heat damage to mineralized tissue specimens of the size used in this study has not been observed with this technique [31] .
Data Analysis
Both univariate and multivariate analysis techniques were used to examine the data. A spectroscopic parameter proportional to the mineral-to-organic-matrix ratio was used. Similar parameters have been frequently employed by infrared spectroscopists [13, 32] . This spectroscopic mineral-to-organicmatrix ratio was calculated for all of the areas imaged by dividing the spectra from each image into 10 random groups, calculating the mean spectrum from each group, fitting this mean spectrum to a third-order polynomial to remove the effects of luminescent background, then dividing the maximum height of the phosphate m 1 band at 959 cm )1 by the maxi mum height of the CH 2 wag band at 1450 cm )1
. The CH 2 wag band was chosen since it is less likely than the amide bands to change shape or shift due to changes in protein structure caused by applied load [33] . Ten mineral-to-organicmatrix ratio values were generated for each image, and a standard deviation was calculated from these 10 values.
Factor analysis was also performed on each image data set. Factor analysis is a well-established multivariate image analysis technique [34] used in such fields as magnetic resonance imaging [35] [36] [37] and fluorescence imaging [38] . We have frequently used this data analysis approach for the analysis of Raman spectroscopy and image data [39] [40] [41] . In this technique, the data are considered as matrices with one spatial and one spectral dimension. The covariance matrix of this matrix is calculated, and a singular value decomposition is performed to obtain the eigenvalues and eigenvectors of the covariance matrix. The eigenvectors can then be combined in linear combinations (or ''rotated'') using non-negativity and bandshape constraints to produce Raman spectra. This is not a random process. Spectra cannot be created by rotation; however, they can be separated from backgrounds very effectively. In addition, because factor analysis is an averaging technique, the signal-to-noise ratio in factors is generally significantly better than in raw spectra (Fig. 2) . Factor analysis is useful for separating species that may have overlapping spectra, but differ in their spatial distributions. Thus, if two species have different spectra but identical spatial distributions, their spectra will not be separated.
Once the eigenvectors (now called factors) have been effectively rotated, each individual factor's distribution in the area surveyed can be calculated by regressing the factors back onto the data. The resulting image is called a score image and Fig. 2 . Advantages of factor analysis: signal-to-noise improvement and background removal. (A) Raw Raman spectrum of bone from one of the image data sets discussed in this work. (B) Factor, representing the Raman spectrum of bone, derived from factor analysis of the entire image data set (approximately 3100 spectra total). For clarity, additional background factors resulting from luminescence are not shown.
is a plot of the spatial distribution of factor intensity within the area imaged.
For these experiments the image data were divided into two spectral subregions: a ''mineral subregion'' (approximately 500-1200 cm ) containing the most intense bands attributable to the collagenous matrix. Each spectral subregion was analyzed separately. Factor analysis was performed in MATLAB software (Mathworks, Inc.); both vendor-supplied and locally written scripts were used.
SEM Imaging
Indentation specimens were prepared for SEM analysis with a thin coating of colloidal carbon for electron conductivity. A Hitachi S3200N Scanning Electron Microscope was used for all imaging under conventional high-vacuum mode and secondary electron scintillator detection mode. The electron beam energy was kept at 20 kV and the operating distance was adjusted to 15 mm. Digital images were captured and stored with Quartz PCI acquisition software.
Results
SEM Images
Images of both low-and high-load indents clearly showed shear bands around the circumference of the indent, indicating the presence of shear forces caused by the indenting process (Fig. 3) .
Mineral-to-Organic-Matrix Ratio
The spectroscopic mineral-to-organic-matrix ratio for image areas was calculated in order to confirm that the areas imaged were comparable in terms of composition, and that any changes we observed were a result of mechanical loading and deformation, not compositional variations. Because Raman band intensity varies linearly with the number of scattering centers, the phosphate m 1 /CH 2 wag band height ratio is proportional to the chemical mineral-to-organic-matrix ratio. Figure 4 shows a bar graph of the calculated mineral-to-organicmatrix values for all the areas imaged. The values are relatively consistent. Two-way ANOVA revealed that while there were no statistically significant differences between any of the areas on specimens 2 and 3 (P<0.05), specimen 1 was significantly different from the other two specimens in the edge and indent areas. It should be noted that there were no statistically significant differences in the spectroscopic mineral-toorganic-matrix ratio among the widely spaced control areas on any of the specimens (P<0.207). Statistical variations in the indent and edge regions therefore could be the result of damage resulting from the indent process. Based on these results, we concluded that the differences in spectroscopic mineral-to-organic-matrix ratio among the three specimens were not significant, and that comparisons among the different specimens were valid.
Factor Analysis: Organic Matrix Subregion
In all images of control areas and areas within indentations, only one organic matrix factor was observed (Fig. 5) . This factor contained the bands commonly observed in Raman spectra of bone organic matrix [10] : the amide III band at 1250 cm )1 , the CH 2 wag at 1447 cm )1 , and the amide I band at 1667 cm )1 . Score images associated with this single factor showed a relatively uniform distribution throughout the imaged area.
Different results were obtained from the images taken at the edge of the indents. Here, two organic matrix factors were observed (Fig. 6) . One represented the commonly observed Raman spectrum of bone organic matrix described above. The second factor displayed similar bands, but the amide III band showed a distinct increase in its lower-frequency component, whereas the amide I band was shifted to higher wavenumbers (1678 cm )1 ). The score images of these two factors were complementary, with the first factor having higher intensity closer to the indent and the second having higher intensity further away from the indent.
Factor Analysis: Mineral Subregion
Multiple mineral factors containing the phosphate m 1 peak in different positions were observed in most of the areas imaged (Fig. 7) . It is not uncommon to observe more than one mineral factor in Raman data from a given bone specimen owing to tissue heterogeneity resulting from the aging and remodeling processes [42] . Slight local variations in the chemical composition of the mineral result in Raman spectra with varied phosphate m 1 band positions, which are easily separated by factor analysis. However, an interesting trend was observed in the entire set of images. In almost every image group, more mineral factors were observed within the indented area than at the edge of the indent or in the control areas. Table 1 shows these results, with the bands corresponding to new factors that appeared after indentation underlined. In most cases a lower-frequency calcium phosphate component appeared; in one case, a higher-frequency calcium phosphate component appeared. This trend is consistent with other studies from this laboratory showing an increase in the number of mineral factors present in Raman data collected from areas of damage [14, 43] .
Discussion
We attribute the appearance of the additional collagen factor to damage. This factor containing shifted amide bands is indicative of the presence of collagen that has undergone a transformation from its normal triple-helical state to a disordered state, presumably as a result of the loading and deformation induced by the indentation process. The appearance of this factor is consistent with observations made by other researchers on protein films and protein solutions [19] . The higher-frequency amide I band and the lower-frequency amide III band observed in this second collagen factor are known spectral signatures of collagen in which crosslinks have been reduced or broken [44] ; similar bands have also been observed in studies of collagen denaturation [45] [46] [47] . The breaking of crosslinks in mature tissue is thought to be the last process that happens before fracture [8] . It is interesting that this damaged collagen factor is only observed at the edge of the indents, not within the indent area itself. We hypothesize that at the edge of the indents, the collagen fibrils experience shear forces caused by the edge of the indenter pushing into the bone. These shear forces cause the rupture of crosslinks. Shear behavior in the area of indentations is well characterized. For the case of a cylindrical indenter, a simple analytical description of the elastic and plastic stress field below the punch was given by Sneddon [48] . Unlike sharp indenters, friction is important for indenters that are flat or rounded. With friction, the pressure needed to penetrate to any given depth increases, and shear failure along the indenter/material interface nucleates cracks which travel outward from the compressive zone directly under the indenter [49] . These cracks are clearly visible in the SEM image of the high-load indent in Figure 4 . In addition, closer observation of the SEM images shows the presence of a shear banding pattern at the indent edges. Similar shear banding patterns have been observed at the edges of spherical indentations [50] , and shear banding and pile up at the edge of an indentation have also been generated by foreign object-induced damage in metal alloys [51] . In all these cases the material was exposed to an indenting process that allowed shearing to occur under the indent. In the case of the cylindrical punch, the complete region below the indent is subject to a compressive force limiting the appearance of local shear bands to just outside the pile-up zone at the edge of the indent. The fact that the damaged collagen factor does not appear in the data acquired from the middle of the indented area suggests that the collagen in this area is not damaged in a way that is spectroscopically visible; i.e., it is compressed but crosslinks are not broken. This is consistent with the stress behavior described for cylindrical indentations.
The appearance of additional mineral factors within the indented area may indicate a pressure-induced structural transition of the mineral. The addition of either a higher-or lower-frequency component is consistent with high-pressure spectroscopy studies on calcium hydroxyapatite, which show an increase in frequency of the phosphate m 1 band followed by a decrease with increasing pressure [23, 25] . The loads applied in this experiment result in stresses ranging from 0.4 GPa, yielding the shallow indents, to 1.2 GPa, yielding the deep indents; these values are comparable to those applied in the high-pressure spectroscopy studies in which a structural transition was observed. We therefore believe that the additional factors represent spatially distinct mineral species formed as a consequence of pressure-induced structural transitions within the bone mineral lattice [23, 25] . We have earlier observed the appearance of additional mineral factors accompanying permanent deformation in bone; for example, in the macroscopic fracture of mouse femora [43] as well as in microcracks within bovine bone [14] . However, in these studies we could not establish whether the additional mineral factors observed were a cause or an effect of the fracture process. The results from the current experiments indicate that the additional mineral factors are in fact an effect of mechanical loading. The fact that we can resolve multiple factors rather than seeing one mineral factor with a shifted phosphate m 1 band indicates that not all the mineral present undergoes the transition, possibly because the local pressure was not high enough to drive the transition to completion, or because not all the mineral species present were able to undergo the transition.
The nature of the structural transition occurring in the bone mineral is not known. Xu et al. [23] postulate that the structural transition occurring in pure hydroxyapatite is the result of a rearrangement of hydroxyl groups. However, bone mineral is thought not to contain hydroxyl groups in any appreciable concentration [52] [53] [54] . In addition, the additional substituents in bone mineral undoubtedly affect the response of the mineral to applied load. It is known that carbonation in bone mineral causes vacancies in the mineral lattice, creating an opportunity for pressure-induced movement and structural changes [53] . Further spectroscopic and X-ray diffraction studies are required to better elucidate the nature of this transformation.
Conclusions
Spectroscopic changes resulting from mechanical loading of bone were observed in these studies, indicating two different damage mechanisms for different bone tissue components. The organic matrix showed clear evidence of crosslink rupture, consistent with what is known of the mechanical behavior of other collagenous tissues, particularly more mature tissues which contain more crosslinks [8, 9] . This rupture occurred only in areas where shear forces were present (indent edges), rather than where only compression occurred (indent floor). The mineral phase of the tissue, on the other hand, was found to be altered where only compression had occurred. The possibility of a pressure-induced structural transition occurring in bone mineral is particularly intriguing. This could be a method by which energy is dissipated with minimal damage to the surrounding tissue. Similar behavior has been observed in ceramic materials subjected to stress, a phenomenon known as ''transformation toughening'' [55, 56] . These processes have also recently been postulated to occur in bone [57] . We propose that the bone mineral structural transitions that we have observed are the source of this transformation toughening. Aging, as well as bone diseases that alter bone mineral crystallite structure, such as osteoporosis, could hinder this transition and contribute to increased fragility. If this is the case, new and different treatment options may be realized from these results. 
